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1. Introduction    
Nanowires (NWs) with diameters in the range of few 10s of nanometers and lengths up to 
few micrometers long are one-dimensional materials that have attracted a great deal of 
interest recently in various fields, including photonics, electronics and medicine. These one-
dimensional materials can offer improvement in the performance of optical and electronic 
devices due to their size-induced quantum confinement effects. In addition, their high 
surface area to volume ratio makes them potential candidates for various sensor 
applications. Several review articles reporting about the properties and applications of NWs 
made of different materials have already been published (Tian et al., 2009; Agarwal, 2008; 
Schmidt et al., 2009; Agarwal & Lieber, 2006; Lauhon et al., 2004). In this book chapter, we 
focus on heterostructured III-V semiconductor NWs with increased potential for use in 
photonic applications grown by molecular beam epitaxy.                                             
Most optoelectronic devices are fabricated by using various III-V materials, because of their 
direct bandgap nature. The efficiency of these devices have improved substantially in the 
last 5 decades by reducing the dimensions of these materials, reducing defect density and 
changing the design using e.g. quantum wells (QW), multiple QWs, superlattice 
heterostructures and quantum dots (QDs) in the active layers. QWs consist of a very thin 
layer of a material with a lower bandgap sandwiched between materials with a higher 
bandgap. Such structures not only confine the carriers in the growth direction but also 
passivate surface states at the lower bandgap material surface. However, the choice of 
materials for the growth of defect free heterostructures is limited by the lattice mismatch of 
different materials. This is also one of the main reasons inhibiting the integration of III-V 
materials on Si. Such problems can be avoided in the growth of NWs, which provides the 
provision to relax in the radial direction without forming any dislocations. In fact, several 
successful NW based heterostructures, including structures with lattice mismatch as large as 
7.8%, has been reported (Guo et al., 2006).  
1.1 Vapor-Liquid-Solid growth mechanism 
Fabrication of NWs by the bottom-up approach was first demonstrated by Wagner and Ellis 
in 1964, and the technique was named as vapor-liquid-solid (VLS) growth. This technique 
Source: Nanowires, Book edited by: Paola Prete,  
 ISBN 978-953-7619-79-4, pp. 414, March 2010, INTECH, Croatia, downloaded from SCIYO.COM
www.intechopen.com
 Nanowires 
 
24 
uses a metal particle (often Au) as a catalyst, which forms a liquid-alloy particle on reacting 
with source materials supplied in vapor form. On supplying the source material 
continuously to this liquid-alloy, the excess material dissolved in it precipitates in the form 
of a solid NW at the bottom of the particle (Wu & Yang et al., 2001). The diameter and 
position of the NW are defined by the Au particle. As shown in Fig. 1, the Ga adatoms 
hitting the substrate surface diffuse to the Au droplet along the NW sidewall. With this 
technique, it is possible to tailor the composition of the NW in both the axial and radial 
directions. The different steps involved in the VLS growth mechanism are shown in Fig. 1. 
 
 
 
Fig. 1. Schematic diagram showing the various steps in the VLS growth of a GaAs NW.  
As the NWs grow longer, tapering of the NWs is often observed. There are mainly two 
arguments explaining the reason for tapering: the first reason is based on the decrease in 
diameter of the Au droplet and hence the NW with its length due to the decrease of 
incoming Ga flux to the Au droplet (Harmand et al., 2005), while the second reason is 
explained by the (radial) layer-by-layer growth mechanism which would become effective 
when the length of the NW exceeds the diffusion length of Ga adatoms on the NW sidewall 
(Chen et al., 2006).   
NWs have been grown by using the VLS growth technique in most III–V materials 
combinations, on native substrates as well as on silicon (Ihn et al., 2007; Tomioka et al., 
2009), and with several epitaxial techniques, including metal organic vapor phase epitaxy 
(MOVPE), chemical beam epitaxy (CBE) and molecular beam epitaxy (MBE). Over the past 
decade, there has been considerable interest focused on the growth of heterostructured NWs 
(both axial and radial core-shell structures), followed by the first demonstrations of device 
prototypes, such as light-emitting diodes (Minot et al., 2007; Svensson et al., 2008;), high 
electron mobility devices (Jiang et al., 2007), laser-diodes (Duan et al., 2003), and 
photovoltaic cells (Czban et al., 2009).  
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1.2 Molecular beam epitaxial growth of NWs 
MBE is one of the most controllable and widely used non-equilibrium growth techniques for 
growing thin, epitaxial films of a wide variety of materials. The deposition of material on the 
substrate is performed by evaporating the material from the effusion cells in a chamber 
maintained under ultrahigh vacuum. The deposition performed in an ultrahigh vacuum 
chamber not only makes it possible to grow highly pure materials but also to install in-situ 
characterization techniques such as reflection high-energy electron diffraction (RHEED). A 
deposition rate as low as 0.1 ML/s can be achieved by changing the temperature of the 
effusion cell. In addition, a flux of molecules or atoms towards the substrate can be abruptly 
released (or blocked) by controlling the shutters in front of the cell. This allows growing 
heterostructures with abrupt interfaces. Another major difference between the MBE growth 
method and other growth techniques is that it is far from thermodynamic equilibrium 
conditions, i.e., it is mainly governed by the kinetics of the surface processes. 
The growth of NWs by the VLS mechanism in MBE was initially speculated to be impossible 
due to that the material is supplied in the form of atoms, where no catalytic activity of Au to 
decompose the metallic groups to atoms is required as in metal-organic chemical vapor 
deposition. However, these speculations were proven to be incomplete since several groups 
have demonstrated the growth of GaAs NWs by MBE (Wu et al., 2002; Cirlin et al., 2005; 
Harmand et al., 2005; Plante and LaPierre, 2006). Furthermore, remarkable progress has also 
been shown in self-catalyst growth of GaAs NWs by MBE (Fontcuberta i Morral et al., 2008).   
The Au-assisted process of NW growth in MBE is explained to be a thermodynamic process 
due to which the group III adatoms diffuse from the substrate surface, which is at a higher 
chemical potential as compared to the Au droplet, which has lower chemical potential 
(Harmand et al., 2006). On the other hand, it has also been shown that the kinetic processes 
involved in the NW growth also play an important role during the NW growth, and are a bit 
different than those during the thin-film growth. The major kinetic processes involved 
during the growth of NWs by Au-assisted MBE are schematically shown in Fig. 2.  
The dependence of the (axial) growth rate of NWs in the MBE process on the NW diameter 
is found to be different from that of the observations made on the NW growth by the CVD 
process (Givargizov, 1975). It is observed that the MBE growth rate of the NWs decreases 
with increase in the diameter of NWs (Plante & LaPierre, 2006). This was theoretically 
explained by Dubrovskii et al., 2005, attributing the diameter dependence of the NW growth 
to the diffusion of group III adatoms from the substrate surface to the Au particle. 
The demonstrations of the growth of homogeneous binary compound NWs, including GaAs, 
InP, InAs and GaP by MBE (Cornet et al., 2007; Harmand et al., 2005; Ihn & Song, 2007) were 
followed by the growth of heterostructures involving ternary compounds such as AlGaAs, 
InGaAs, GaAsSb, InAsP and GaAsP (Chen et al., 2006; Chen et al., 2007; Cornet & LaPierre, 
2007, Dheeraj et al., 2008a, Tchernycheva et al., 2007). However, the progress in the MBE 
growth of ternary compound NWs involving different group III elements, such as AlGaAs and 
InGaAs, has been inhibited due to difficulties in obtaining uniform composition along the 
length of the NW. This problem arises due to the difference in diffusion lengths of different 
group III elements along the NW sidewall. On the other hand, no variation in composition 
along the NW has been reported for the ternary compound NWs involving different group V 
elements such as InAsP and GaAsP. This could be due to the longer diffusion lengths of group 
V elements compared to that of the group III elements. The variation in composition could, 
however, be quite small in short NWs or inserts involving ternary structures. 
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Fig. 2. The model of Au-assisted NW growth by MBE: The different pathways for adatoms 
are through; 1) direct impingement, 2) diffusion flux from the side walls to the droplet, 3) 
diffusion from the substrate to the sidewalls, 4) diffusion from the substrate along the 
sidewalls to the droplet, 5) nucleation on the surface, 6) desorption from the sidewalls, 7) 
desorption from the droplet (Dubrovskii & Sibirev, 2007). 
Despite the fast progress in the growth of heterostructured NWs by MBE, the understanding 
and control of the crystal structure of these NWs is a challenging task. In fact, most of the III-
V NWs grown by MBE adapt wurtzite (WZ) crystalline structure, even though the III-V 
materials exhibit zinc-blende (ZB) structure in bulk form. Since the WZ crystalline structure 
is not a stable form of these materials, the NWs often exhibit a high density of crystal defects 
(stacking faults, twins) irregularly within the NWs. A stacking fault in a WZ phase 
inherently forms a unit cell of ZB segment, while a twin in a ZB phase inherently forms a 
unit cell of a WZ segment (Caroff et al., 2009). It is very important to reduce the density of 
such crystal defects since they deteriorate the optical and electrical properties of the NWs.  
Due to that the NWs have been found to form with different crystal phases depending on 
the growth conditions, this now allows for heterocrystalline band-structure engineering. This 
includes crystal phase-modulated as well as combined crystal phase- and crystal material-
modulated heterostructures. This is because III-V materials in the ZB form have different 
band gap and different band offsets compared to that in the WZ form. Therefore, 
heterojunctions form in the same material wherever the material changes its crystalline 
phase. Recently, some research groups have shown the ability to control the crystal structure 
in MOCVD grown NWs (Caroff et al., 2009; Algra et al., 2008). Despite of a few successful 
attempts in controlling stacking faults in NWs grown by MBE, it is still a challenging task to 
understand the factors influencing the crystal structure (Shtrikman et al., 2009; Patriarche 
2008).    
Although the WZ crystal phase of GaAs in NWs has been achieved by many groups by now, 
little is known about its electronic and optical properties. Several works have attempted to 
determine the band gap in WZ GaAs NWs but the results are still inconsistent (Zanolli et al., 
2007; Martelli et al., 2007; Moewe et al., 2008). As mentioned earlier, stacking faults in the 
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WZ phase inherently possess the ZB phase. Depending on the conduction and valence band 
offset energies in the ZB crystal structure with respect to WZ, even a low density of ZB 
segments could trap most of the photo-excited electrons and/or holes. As a result, one may 
observe that the dominating photoluminescence related emission in such NWs occur at 
energies close to (type I band offsets) or even below (type II band offsets) the band gap 
energy of ZB GaAs even if the band gap is higher for WZ GaAs. 
1.3 Overview of the book chapter 
In this book chapter, we will discuss the structural and optical properties of axial and radial 
heterostructured III-V NWs with mixed crystal phases grown by Au-assisted MBE.  
Our GaAs NWs are observed to exhibit WZ crystalline structure and often  stacking faults 
(SFs) are randomly distributed in the NW. Interestingly, by incorporating Sb in the GaAs 
NWs, we have found that GaAsSb NWs form in the ZB crystalline structure with very few 
twin defects (Dheeraj et al., 2008a). Recently, we have demonstrated the growth and 
characterized the optical properties of single and multiple SF-free ZB GaAsSb inserts in WZ 
GaAs NWs (Dheeraj et al., 2008b; Dheeraj et al., 2009). The growth of GaAs NWs with 
multiple GaAsSb inserts enabled us to conclude that the growth rate of NWs changes with 
growth time due to the inclined molecular beam in the growth chamber, and revealed the 
growth parameters influencing the formation of SFs as we will demonstrate within this 
chapter. 
Micro-photoluminescence (μ-PL) characterization of SF-free WZ GaAs NWs reveals that the 
bandgap of WZ GaAs is ~ 29 meV larger than that of ZB GaAs (Hoang et al., 2009).  Further, 
we demonstrate the growth procedure of GaAs/AlGaAs radial heterostructured core-shell 
NWs, with strongly enhanced photoluminescence efficiency from the GaAs core due to the 
shell passivation of surface states (Zhou et al., 2009). The structural characterization of these 
NWs by high resolution transmission electron microscopy (HRTEM) shows that the shell 
copies the crystalline structure of the core NW.  
Finally, we discuss the growth of single GaAs/AlGaAs core-shell NWs with axial GaAsSb 
core-inserts. We demonstrate that it is possible to change the crystal phase of GaAs at the 
upper GaAsSb/GaAs interface by introducing a growth interruption. By changing the GaAs 
crystal phase above the insert from ZB to WZ, we observe dramatic changes in the 
photoluminescence properties, explained to be due to that the heterojunction band 
alignment is changed from type II to type I. 
2. Experimental procedure 
The NWs were grown in either a Varian Gen II Modular or a Riber 32 MBE system equipped 
with a Ga dual filament cell, an Sb cracker cell, and an As valved cracker cell, allowing to fix 
the proportion of dimers and tetramers. In the present study, the major species of arsenic 
and antimony were As4 and Sb2, respectively. The substrate surface was first deoxidized at 
620°C, and then a 60 nm thick GaAs buffer, a 72 nm thick Al0.33Ga0.67As film and a 36 nm 
thick GaAs film were grown under growth conditions producing an atomically flat surface 
(Yang et al., 1992). The AlGaAs film embedded in the GaAs buffer can be used as a marker 
to distinguish between the GaAs buffer and the 2D GaAs grown during the growth of the 
NWs. The GaAs/AlGaAs/GaAs heterostructure was capped with an amorphous As layer to 
avoid oxidation during its transfer in ambient air to an electron-beam evaporation system 
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for gold deposition. The As cap was then desorbed at 280°C under high vacuum (10-7 Torr) 
in the electron-beam evaporation chamber (Bernstein et al., 1992). A ~ 1 nm thick Au film, as 
determined by a quartz crystal thickness monitor, was deposited on the sample surface. The 
sample was then transferred to and loaded into the MBE system. Under an As4 flux of 6×10-6 
Torr, the substrate temperature was increased to 540°C, a temperature suitable for GaAs 
NW growth. At this stage, nanoparticles containing Au alloyed with the substrate 
constituents were formed. GaAs NW growth was initiated by opening the shutter of the Ga 
effusion cell. The temperature of the Ga effusion cell was preset to yield a nominal planar 
growth rate of 0.7 ML/s. The Sb shutter was also opened to supply an Sb2 flux of 6×10-7 Torr 
to grow GaAsSb NWs, whenever needed.  
Morphological characterization of NWs was performed in a Zeiss Supra field-emission 
scanning electron microscopy (FE-SEM) operating at 5 kV. Crystalline structure was 
analyzed in either a Philips CM20, Philips CM30 or Jeol 2010F TEM operating at 200 kV and 
equipped with an Oxford instruments INCA energy dispersive X-ray (EDX) spectrometer 
for composition measurements. For TEM characterization, the NWs were scrapped off from 
the substrate and transferred to a Cu grid with a lacey carbon film. A more detailed report 
on the TEM techniques used for characterization of NWs can be found in Van Helvoort et 
al., 2009.  
The crystallographic orientation of the NW ensembles on as-grown substrates was checked 
by X-ray diffraction (XRD) pole figure measurements (Largeau et al., 2008) carried out with 
a PANalytical X’Pert Pro MRD diffractometer with a point focus configuration defined by a 
poly capillary lens and crossed slits.  
μ-PL measurements were carried out using an Attocube CFMI optical cryostat. Samples 
were placed in a He exchange gas and kept at a temperature of 4.4 K. For temperature 
dependent measurements, the sample can be heated up to 70 K. Single NWs were excited by 
a 633 nm laser line. The laser was defocused onto the NWs with an excitation density of 
approximately 1 kWcm-2 using a 0.65 numerical aperture objective lens. The μ-PL from 
single NWs was dispersed by a 0.55 m focal length Jobin-Yvon spectrograph and detected 
by an Andor Newton thermo-electrically cooled Si CCD camera. The spectral resolution of 
the system is ~ 200 μeV. For single NW measurements, NWs were removed from their 
grown substrate and dispersed on a Si substrate with an average density of ~ 0.1 NW per 
μm2.   
3. Results 
3.1 Growth of GaAsSb NWs 
GaAs NWs were grown for 5 minutes and GaAsSb NWs for 20 minutes on GaAs(111)B 
substrates. Typical 45° tilted (Fig. 3(a)) and top-view (Fig. 3(b)) SEM images show the 
GaAsSb NWs with their Au catalyst and a growth axis normal to the GaAs(111)B surface. 
Diameters of the NWs range from 30 to 100 nm and are nearly uniform along the NW, 
except at the base which is broader than the rest of the NW. The top-view image (Fig. 3(b)) 
shows a hexagonal cross sectional shape of the NW as well as at the base region. The length 
and diameter of the NWs was measured from the SEM images. The NW length is observed 
to decrease with increase in NW diameter (Dheeraj et al., 2008a). This dependence of NW 
length on diameter confirms that growth is to a large extent fed by diffusion of adatoms 
from the surface of the substrate to the Au droplet at top of the NWs, as described by 
Dubrovskii & Sibirev, 2007. 
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Fig. 3. (a) 45° tilted view and (b) top view SEM images of as-grown GaAsSb NWs grown on 
a GaAs(111)B substrate by Au-assisted MBE (Dheeraj et al., 2008a). 
 
 
Fig. 4. (a) High resolution TEM image and (b) electron diffraction pattern showing the ZB 
structure with twins. (c) Dark-field image obtained by using the 1 1 1 diffraction spot, 
marked by a circle in Fig. 4(b) (Dheeraj et al., 2008a). 
In Fig. 4, we show TEM images of a typical GaAsSb NW. The most striking feature of our 
experimental results is that our GaAsSb NWs adapt ZB structure, whereas the same growth 
conditions (except the Sb flux) produce GaAs NWs with WZ structure, as commonly 
observed for [111]B-oriented NWs grown by MBE. Fig. 4(a) shows a [110] zone axis HRTEM 
image revealing the ZB structure of the GaAsSb NW, with a twinning plane (indicated by 
black arrow) perpendicular to the [111]B growth axis. The crystal planes above the twinning 
plane (orientation A) is a rotation by 60° relative to the crystal planes below the twinning 
plane (orientation B) about the growth axis. The selected area electron diffraction (SAED) 
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pattern in Fig. 4(b) shows additional spots related to the presence of both crystal 
orientations. Using the 1 1 1 diffraction spot marked by a circle in Fig. 4(b), we obtained the 
dark field image as shown in Fig. 4(c), where crystal orientation A appears bright and the 
crystal orientation B dark. By investigating the full length of several NWs, single-oriented 
ZB segments as long as 500 nm were observed. We have also demonstrated a technique to 
determine the average volumes of crystal orientation A and B parts of GaAsSb NW 
ensembles by XRD pole figure measurements, and found the volumes to be of equal ratio.  
The XRD pole figure is a convenient characterization tool to obtain average data of NW 
ensembles. The pole figures of a sample with as-grown GaAsSb NWs were first recorded at the 
Bragg angles of the 111 and 220 GaAs reflections (Dheeraj et al., 2008a). We observed a central 
diffraction spot in the 111 GaAs XRD pole figure pattern, corresponding to the (111) planes 
parallel to the surface, and additional sharp spots located at an inclination angle of 70.5° in a 
sixfold symmetry pattern, corresponding to the other {111} planes. In the 220 XRD pole figure, 
spots were located at 35.3° in a similar sixfold symmetry pattern, corresponding to {220} 
planes. These features confirm that the NW growth axis was aligned with the [ 1 1 1 ] GaAs 
direction. Both pole figures show a sixfold symmetry, which must be due to the twinning of 
the ZB structure in the NWs, as a pure and single ZB phase has a threefold symmetry along 
<111> directions. θ -2θ scans (not shown here) were performed across each spot of the pole 
figures and we observed that the GaAsSb diffraction peaks of crystal orientation A and B 
parts had equivalent intensities. This means that the average volumes of GaAsSb segments 
with crystal orientation A and B, respectively, in the NW ensembles are equal.  
In the 220 GaAs XRD pole figure pattern, we also observed a second set of six spots 
corresponding to hexagonal WZ {11 2 0} planes normal to the substrate surface. It is very 
likely that this hexagonal phase corresponds to the bottom part of the NWs, which consists 
of GaAs (no Sb) base of the NW as was mentioned in the growth procedure described 
above. This is consistent with our observation (as mentioned earlier) that pure GaAs NWs 
grown under our experimental conditions adopt the WZ structure, in accordance with 
previous reports on MBE-grown GaAs NWs. We should mention that the GaAs NW base of 
the present GaAsSb NWs was not observed by TEM. During sample scratching to collect 
NWs on the TEM grid, the NWs were probably broken above the GaAs part of the NW.  
3.2 Growth of GaAs/GaAsSb/GaAs axial heterostructured NWs 
GaAs/GaAsSb/GaAs axial heterostructured NWs were grown with 20 minutes, 30 seconds 
and 5 minutes growth times for each respective segment. The TEM image of such NW is 
shown in Fig. 5. The GaAs NW segment before the GaAsSb insert exhibited a pure WZ 
phase with almost no stacking faults. As can be seen in Fig. 5(a) and the HRTEM image of 
Fig. 5(c), the transition (marked as T1) from the GaAs WZ phase to the GaAsSb ZB phase 
insert is very abrupt. In about 1/3 of the studied NWs, a short (<5 nm) twinned ZB 
transition region is observed at the start of the GaAsSb ZB insert. The second transition, 
from the GaAsSb ZB insert to the upper GaAs NW segment (marked as T2), is shown by 
HRTEM in Fig. 5(b). In most of the NWs, the defect-free GaAsSb ZB insert was directly 
followed by a few nanometers of a twinned GaAs cubic phase (ZB/3C). Above this 
microtwin, a GaAs 4H polytype phase is formed, before the GaAs NW segment again 
returned to a WZ phase. The length of the GaAs 4H polytype phase is varying between 20 
and 40 nm depending on the NW diameter. The WZ phase of the upper GaAs NW segment 
contains randomly spaced stacking faults, small regions of 4H and twinned ZB, as can be 
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Fig. 5. Dark-field (a) and high-resolution (b, c) TEM images of a typical heterostructured 
GaAs/GaAsSb NW. (d), (e) and (f) are Fast Fourier Transforms (FFT) of HRTEM images of 
the GaAs 4H polytype above the insert, the GaAsSb ZB insert and the GaAs WZ phases 
below the insert, respectively (Dheeraj et al., 2008b). © 2008 American Chemical Society. 
seen in Fig. 5(a). Fast Fourier transforms on HRTEM images of the 4H, ZB and WZ phases 
are shown in Figs. 5(d), 5(e), and 5(f), respectively. The appearance of a 41 (0002) reflection 
in Fig. 5(d) (indicated by a thick circle) confirms a GaAs 4H polytype phase with the 
stacking sequence of ABCBABCB….  
The 4H polytype structure is well known in bulk form in wide band gap materials such as 
SiC and AlN. The 4H polytype of SiC is studied in detail due to its superior electron 
mobility (Meyer et al., 2000). The understanding of the NW growth conditions favoring the 
formation of the 4H polytype in III-V materials that normally grow with a cubic ZB phase is 
thus an intriguing topic. The presence of a 4H polytype phase in GaAs and AlGaAs NWs 
was shown by Soshnikov et al., 2005. We believe that the 4H polytype is the intermediate 
phase between the ZB and WZ phases. As suggested by Dubrovskii et al., 2008 the gradual 
change in the supersaturation conditions could lead to the formation of intermediate 
structures such as cubic twins and a 4H polytype phase and delay the formation of the WZ 
phase. It is reasonable to believe that the supersaturation is gradually increasing after the 
shut off of the Sb flux and that this induces the 4H polytype crystal structure. However, no 
Sb was found above the insert, or in the gold particle by EDX, as mentioned above.  
3.3 Effect of Sb on the crystal structure of NWs:  
The understanding of the effect of Sb on the crystal structure of these NWs is very crucial. 
According to a recent model proposed by Glas et al., 2007, the crystalline structure of NWs 
depends on the orientational position (ZB or WZ) taken by the critical nucleus of each new 
monolayer. This is determined mainly by the following parameters: the stacking fault 
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energy in the bulk ZB phase, the energy jVγ `  (j = ZB or WZ) of the lateral interface between 
the NW sidewalls and the vapor (V) phase, and the chemical potential difference 
(supersaturation) ΔμLS of the liquid (L) phase with respect to the solid (S) phase. WZ 
formation in NWs of a given material requires two conditions: a facet energy lower for WZ 
than for ZB and a supersaturation ΔμLS higher than a material-dependent critical value Δμc. 
The latter scales with the stacking fault energy, which is about 20% higher in GaSb than in 
GaAs (Takeuchi & Suzuki, 1999). Moreover, according to the model of Glas et al., 2007, we 
expect Δμc to increase if the difference ZB WZV Vγ γ−` `  decreases. This difference should indeed be 
lower in GaAsSb, since the cohesive energy of GaSb is about 10% less than that of GaAs 
(Phillips, 1973). Hence, Δμc could be significantly larger in GaAsSb than in GaAs. This could 
be enough to offset the balance in favor of ZB nucleation in GaAsSb NWs, even if ΔμLS does 
not change much.  On the other hand, the addition of Sb in the vapor phase could induce a 
significant change of ΔμLS in the liquid catalyst. If ΔμLS decreases, this change would also be 
in favor of ZB nucleation. However, for the quaternary system (Au-Ga-As-Sb) considered 
here, there is no suitable thermodynamical data from which the change of ΔμLS induced by 
Sb can be predicted. Therefore, at the present stage, we cannot define which phenomenon 
prevails to explain the ZB structure of [111]B-oriented GaAsSb NWs. It can be due to either 
an increase of Δμc or decrease of ΔμLS (or both).   
 
 
Fig. 6. Schematic illustrations of the possible configurations of the chemical potential 
difference ΔμLS (red and black arrows) and material-dependent critical supersaturation Δμc 
(red and black horizontal lines) at different stages of NW growth (Dheeraj et al., 2008b).  
© 2008 American Chemical Society. 
According to the HRTEM results, the most likely explanation for the phase transitions at the 
interfaces (T1 and T2 in Fig. 5) is that they are induced by the changing of both Δμc and ΔμLS 
due to the introduction of Sb flux while growing. It should be noted that the chemical 
potential difference (supersaturation) ΔμLS is gradually varying with time when the Sb flux 
is opened or closed, whereas the material-dependent critical supersaturation value Δμc is 
instantaneously changed between its corresponding values GaAsSbcµ∆  and GaAscµ∆  for GaAsSb 
and GaAs, respectively. We believe that this is the main reason for forming two different 
interfaces at T1 and T2, and the detailed discussion is described in the following. According 
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to the NW growth models by Glas et al., 2007, and Dubrovskii et al., 2008, the 
supersaturation value for the Au liquid droplet (ΔμLS) required to nucleate the 4H polytype 
phase is higher than for the ZB phase, and the WZ phase is higher than for the 4H polytype 
phase, as shown in Fig. 6. As the GaAs NW grows, the chemical potential difference ΔμLS is 
GaAs
LSµ∆  in the WZ phase region (indicated with a red arrow in Fig. 6(a)). At the start of the 
GaAsSb insert growth, the critical supersaturation value Δμc instantaneously increases to the 
value required for the formation of the GaAsSb ZB phase ( GaAsSbcµ∆ ) (black horizontal line in 
Fig. 6(b)), whereas the chemical potential difference needs some time to gradually decrease 
to the equilibrium condition ( GaAsSbLSµ∆ , indicated by a black arrow in Fig. 6(b)) for the 
formation of the GaAsSb ZB phase. However, the NWs should have ZB phase after 
introducing Sb into the MBE chamber due to that ΔμLS < GaAsSbcµ∆ , and hence a sharp 
interface occurs at T1. Reversely, after turning off the Sb flux, even though Δμc 
instantaneously goes back to GaAscµ∆ , as shown by the red horizontal line in Fig. 6(c), ΔμLS is 
gradually increasing to the supersaturation value GaAsLSµ∆ . This gradual change in the 
supersaturation condition could lead to the formation of intermediate structures such as 
cubic twins and 4H polytype, and thus delay the formation of the WZ phase. This is, 
however, just one possible explanation for why there are two different GaAs/GaAsSb 
interface transitions (at T1 and T2) based on our HRTEM observations, and does not yet give 
a complete description of the actual variations of ΔμLS and Δμc.  
3.4 Growth of GaAs NWs with multiple GaAsSb inserts 
We further demonstrate the growth of GaAs NWs with 4 GaAsSb inserts at an interval of 
growth time of 10 minutes on GaAs(111)B substrates. More than half a dozen of NWs were 
investigated by TEM and a typical NW is shown in Fig. 7. We could observe only three 
GaAsSb inserts in a NW by TEM. We believe that the first insert could have broken during the 
TEM sample preparation. The average growth rates of the three GaAsSb inserts and the 
lengths of the GaAs segments between each insert were measured from the TEM image in Fig. 
7 and the results are shown in Fig. 8. It is observed that the average growth rate for the third 
insert is higher than for the second insert. TEM investigation on a number of these NWs show 
a similar increase in growth rate from the second to the third insert, while the growth rate of 
the fourth insert is observed to either increase, remain constant or decrease as compared to 
that of the third. The same trend is observed for the GaAs segments above these inserts. 
 
Fig. 7. (a) TEM image of a typical GaAs NW with three of four GaAsSb inserts visible 
(Dheeraj et al., 2009). © 2009 Elsevier. 
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Fig. 8. Average growth rate of each GaAs segment and GaAsSb insert of the NW shown in 
Fig. 7 plotted versus the time at which half of the segment/insert is grown (Dheeraj et al., 
2009). © 2009 Elsevier. 
The crystalline structure of the GaAs segments is observed to be dominated by the WZ 
phase, whereas the GaAsSb inserts are observed to be of ZB phase. This result is consistent 
with the observations made before (Dheeraj et al., 2008a). The lower part of the GaAs NW 
has almost no stacking faults and the transition from the GaAs WZ phase to the GaAsSb ZB 
phase is always abrupt. The transition from the GaAsSb ZB phase of the first insert to the 
GaAs WZ phase above, however, exhibits a few nanometres of a 4H polytype phase 
followed by some stacking faults up to a few tens of nanometers, before maintaining pure 
WZ structure for a couple of hundred nanometers. This is a similar structure as depicted in 
Fig. 5. Further, with the increase in length of the NWs, the density of stacking faults was 
observed to increase in the GaAs segments. Interestingly, in spite of the higher density of 
stacking faults present in the upper GaAs segments, all the upper GaAsSb inserts were pure 
ZB without any twinning defects, and in addition the transition from the GaAs WZ phase to 
the GaAsSb ZB phase and vice-versa is abrupt (i.e, no 4H polytype). It is plausible that the 
growth rate of the NWs affects the kinetics of the change in supersaturation levels required 
for formation of ZB to WZ. Thus, we speculate that it is the slower growth rate near e.g. the 
position of the second insert that helps the formation of intermediate phases such as the 
GaAs 4H polytype, and as the growth rate of the NW increases, the change in 
supersaturation levels instead instantaneously leads to the formation of a WZ GaAs phase 
directly after the GaAsSb insert.  
EDX investigations on the GaAsSb inserts revealed that the mole fraction of Sb was 
increasing with the insert’s position along the NW. No significant relation between the Sb 
mole fraction and either the lengths of the GaAsSb inserts or the diameters of the NWs was 
observed. We believe the increase in Sb mole fraction with the NW length could be either 
due to increase in growth rate of the NW or due to decrease in the NW temperature with its 
length. However, further investigation is needed to clarify which mechanisms that are 
responsible for the change in Sb mole fraction along the NW. 
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3.5 Growth kinetics of GaAs NWs and the formation of stacking faults 
According to the VLS growth model proposed by Dubrovskii & Sibirev 2007, the most 
predominant Ga adatom diffusion paths favouring the growth of NWs by MBE were 
considered to be (a) diffusion of Ga adatoms on the substrate surface to the NW base and (b) 
diffusion of Ga adatoms from the NW base to the Au droplet along the NW sidewall. Part of 
the Ga adatoms diffusing on the substrate could contribute to the growth of a 2D layer and 
part of the Ga adatoms diffusing along the NW sidewall contribute to the radial growth of 
the NW. We should point out here that, due to the design of the MBE growth chamber with 
the incident angles of molecular beams being typically 57° to the substrate surface in our 
case, the number of Ga adatoms hitting the NW sidewall increases proportionally to the 
length of the NW until shadowing from adjacent NWs sets in. This could lead to the increase 
in the probability of Ga adatoms either diffusing to the Au droplet or adding to the radial 
growth of the NW. As we hardly observed any radial growth of the NWs, an increase in 
axial growth rate of the NWs is quite plausible, which explains the increase in growth rate 
from the second to the third GaAsSb insert (and likewise for the GaAs segments above these 
inserts) , as was observed in the NW of Fig. 7. As mentioned above, after a certain critical 
average NW length, the growth rates of NWs were observed to either increase further, 
become constant or decrease, which we believe is dependent on the amount of shadowing of 
the molecular beam from adjacent NWs. The amount of shadowing, which is time-averaged 
due to the rotating substrate, will be different from NW to NW due to the random 
distribution of NW positions and the variation in length of adjacent NWs. In general, 
shadowing will affect the growth rate relatively more for shorter NWs than for longer NWs. 
It has been shown that the WZ phase is favoured above a certain critical liquid 
supersaturation and that the ZB phase is prevailing below (Glas et al., 2007). The liquid 
supersaturation is quite sensitive to the rate of incoming adatoms to the Au droplet and to 
the rate of NW formation under the Au droplet, which could vary during the formation of 
every monolayer of the NW, leading to fluctuations in supersaturation levels. If the 
supersaturation is close to the critical supersaturation, these fluctuations could lead to the 
bistable conditions favouring both WZ and ZB phase, leading to the formation of stacking 
faults. The formation of the high density of stacking faults in the GaAs segment after the 
third and fourth GaAsSb insert could be attributed to fluctuations in the levels of 
supersaturation caused by turning on and off the Sb flux. However, this argument is not 
sufficient to explain the reason for the increase in the density of stacking faults with the 
length of the NW.  
Cornet et al., 2007, suggested that a decrease in the rate of incoming In adatoms to the Au 
particle after a certain length of the InP NWs, lead to the formation of stacking faults due to 
the decrease in supersaturation to bistable conditions where both WZ and ZB exists. 
Conversely, we noticed an increase in the growth rate and density of stacking faults in GaAs 
NWs with its length, indicating that the formation of stacking faults is possible due to the 
increase in growth rate of NWs. This is further corroborated by the presence of a high 
density of stacking faults in the GaAs NWs grown under higher Ga flux equivalent to a 
nominal planar growth rate of 1.8 MLs-1 (not shown here). Although little can be said about 
the effects of increase in growth rate of NWs on change in supersaturation levels, these 
results suggest that the formation of stacking faults introduced in the GaAs segment after 
the third and fourth GaAsSb insert could be due to the coincidence of a change in 
supersaturation conditions by turning on and off the Sb flux and the increase in the growth 
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rate of the NW. These results suggest that long and defect-free WZ GaAs NWs can be 
obtained at a lower growth rate of NWs. 
3.6 Growth of GaAs/AlGaAs radial heterostructured NWs 
Here, we demonstrate the growth procedure of GaAs/AlGaAs radial heterostructured core-
shell NWs, with strongly enhanced photoluminescence efficiency from the GaAs core due to 
the shell passivation of surface states (Zhou et al., 2009). GaAs NWs were first grown for 25 
minutes in the MBE chamber at the growth conditions mentioned earlier. The growth of 
AlGaAs was initiated by introducing the Al flux towards the substrate by opening the 
shutter in front of the effusion cell. The temperature of the Al effusion cell was preset to 
what would yield an AlxGa1-xAs layer with x equal to 0.3 or 0.6 on a GaAs(001) substrate. 
The V/III flux ratio was kept constant for both Al fluxes used by adjusting the As4 flux. For 
the (nominal) Al0.3Ga0.7As shell samples, the shell growth times were 1 min, 5 min and 15 
min, whereas for the (nominal) Al0.6Ga0.4As shell samples, the shell growth times were 0.5 
min, 2 min and 7 min. The Al, Ga and As4 fluxes were shut down simultaneously at the end 
of the AlGaAs shell growth and the substrate temperature immediately ramped down to 
room temperature. The as-grown NWs were characterized by SEM to systematically 
investigate the morphology of the GaAs core NWs and GaAs/AlGaAs core-shell NWs with 
different growth times and Al contents. 45°-tilted view SEM images of the GaAs core NWs 
and the GaAs/AlGaAs core-shell NWs are shown in Figs. 9 (a-c). For determination of the 
geometric sizes of the as-grown NWs, 40 NWs for each growth condition were randomly 
chosen from the SEM images.  
 
 
Fig. 9. 45°-tilted SEM images of the GaAs core NWs grown for 20 min (a), with Al0.3Ga0.7As 
shell grown for 15 min (b), and with Al0.6Ga0.4As shells grown for 7 min (c). Scale bar is 200 
nm (Zhou et al., 2009). 
The GaAs core NWs grew predominantly perpendicular to the substrate surface ([111]B 
direction) with a constant diameter over its length. The length of the NW is defined from the 
GaAs surface of the buffer to the tip of the NW. The diameters of the GaAs core NWs are 
varying from 10 nm to 25 nm and the lengths of the NWs are ranging from 240 nm to about 
1.2 µm. The lengths of the GaAs core NWs were observed to decrease with increasing 
diameter. It confirms that growth of the NWs is fed by diffusion of adatoms from the surface 
of the substrate and/or from the sidewalls to the Au droplet at top of the NWs, as described 
by Dubrovskii & Sibirev, 2007. However, this behavior did not retain after the initiation of 
AlGaAs shell growth, which could be due to the deposition of Ga and Al adatoms directly 
on the NW sidewalls by a vapor solid (VS) growth mechanism. 
No tapering was observed in any of the investigated GaAs NWs, whereas tapering was 
observed in the GaAs/AlGaAs core-shell NWs. Tapering is often observed when the length 
(a) (b) (c)
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of the NWs exceeds the diffusion length of group III adatoms impinging on the NW sidewall 
as mentioned in 1.1. It is well known that Al is very reactive. Consequently, the effective 
surface diffusion barrier is higher for Al adatoms (~1.74 eV for AlAs grown on AlAs (001)) 
than for Ga adatoms (~1.58 eV for GaAs grown on GaAs (001)) (Shitara et al., 1993). This 
results in a shorter adatom diffusion length for Al compared to Ga, whereby radial sidewall 
deposition becomes more pronounced leading to a tapered morphology for GaAs/AlGaAs 
core-shell NWs. The tapering of the core-shell NWs becomes much more pronounced with 
increasing shell growth time and higher Al content. Also, we observed that both the mean 
diameter and the mean length of the NWs are increasing with increasing shell growth time, 
which shows that the AlGaAs shell grows in both axial and radial directions.  
Comparing the Al0.3Ga0.7As and Al0.6Ga0.4As shell growth, we find an increasing radial and a 
decreasing axial growth rate of the AlGaAs shell with an increased Al content. At the same 
time, the mean volume of the GaAs/AlGaAs core-shell NWs quickly increases when the 
AlGaAs shell is formed, e.g. about 90 and 60 times for samples with 30% Al and 60% Al, 
respectively, compared to the mean volume of the NWs without AlGaAs shell. This is 
consistent with an observed decrease in the growth rate of the 2D layer with increase in shell 
growth time, where the 2D layer height is measured by the distance between the 
Al0.3Ga0.7As marker layer in the buffer and the top surface of the sample in the cross-
sectional SEM image.  
The observed rapid increase of the NW volume with the AlGaAs growth time could be due 
to the shorter diffusion length of the Al adatoms as well as to the increasing collection area 
of the sidewalls of NWs with the increasing shell growth time. NWs collect Ga and Al 
adatoms in three different ways; (1) diffusion from the substrate surface, (2) direct 
impingement on the NW sidewalls, and (3) direct impingement on the gold droplet. A 
larger area of the NW sidewalls (effective collection area = length × diameter) is obtained 
when NWs get longer, whereby the NWs can collect more Al and Ga adatoms. At the same 
time, the shorter diffusion length of the Al also contributes to trap more and more Al and Ga 
adatoms migrating on the sidewalls of the NWs. Both of these two factors enhance each 
other, which results in a very fast increase of the NW volume. After the AlGaAs shells start 
to grow, the total flux impinging on the sample surface should remain constant. The 
AlGaAs either deposits on the NWs or on the substrate surface. Once NWs can capture more 
AlGaAs with a larger area of NW sidewalls, a slower growth rate of the 2D layer should be 
expected. A decrease in the growth rate of the 2D layer with the increase in growth time of 
the AlGaAs shell is also indeed what is observed (Zhou et al., 2009).  
Finally, lower density of NWs was also found with increasing AlGaAs shell growth time, 
e.g. it is about 90 NWs/µm2 for the GaAs core NW sample and roughly 50 NWs/µm2 for the 
sample with Al0.3Ga0.7As shell grown for 15 minutes. When the AlGaAs growth takes place, 
there is a possibility that some of the shorter NWs (e.g. the GaAs core NWs ~250 nm) might 
be buried by the 2D layer at the AlGaAs shell growth stage. We observed that both the 
radial growth rate of the AlGaAs NW shell and the growth rate of 2D AlGaAs increase with 
increased Al flux, whereas the NW axial AlGaAs growth rate is not significantly changed for 
average size NWs. The ratio between the NW axial AlGaAs growth rate and the 2D AlGaAs 
growth rate, of importance for NW burial, thus reduces with increase in Al flux. The ratio 
will be even further reduced for shorter NWs by the fact that shorter GaAs/AlGaAs core-
shell NWs will get less Ga and/or Al adatoms compared to longer NWs due to both the 
smaller sidewall collection area and the shadowing effect. The shadowing effect is induced 
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by the inclined molecular beam with respect to the substrate normal (here ~37°). Due to this 
effect, shorter NWs will be shadowed by longer neighboring NWs, which will also lead to a 
reduced growth rate. Shorter NWs may therefore be completely buried by the 2D layer, 
leading to a decrease in NW density.  
Fig. 10(a) shows the [110] zone axis HRTEM image of a typical GaAs core NW (14 nm 
diameter). A HRTEM image of a typical GaAs/AlGaAs core-shell NW (Al0.3Ga0.7As shell 
grown for 15 minutes) is shown in Fig. 10(b). SAED patterns in Fig. 10(a) and 10(b) reveal a 
wurtzite (WZ) crystal structure both in the GaAs core and in the AlGaAs shell. By 
comparing the HRTEM (Fig. 10(c)) and scanning-TEM images (Zhou et al., 2009) of the same 
NW, it indicates that apart from radial AlGaAs growth, an axial AlGaAs is also grown on 
top of the GaAs core. It can also be seen from HRTEM image (Fig. 10(c)), that stacking faults 
appear at the region where the axial AlGaAs starts to grow (by VLS) on top of the GaAs 
core. At the same time, it also shows that the radial AlGaAs shell exactly follows the crystal 
structure (including stacking faults) of the GaAs core. The interface between the GaAs core 
and the radial AlGaAs shell is relatively sharp and the thickness of the radial shell along the 
NW axis is highly uniform until the tapered AlGaAs NW region at the top. We have no 
indication that Al is diffusing into the GaAs NW core for neither of the two studied shell 
compositions. For the core-shell NW shown in Fig. 10(b) (Al0.3Ga0.7As shell grown for 15 
minutes), the diameter of the GaAs NW core is ~15 nm and for the whole core-shell NW ~ 
60 nm, which is consistent with the observations from SEM.  
In addition, a high angle annular dark field STEM characterization performed on these NWs 
(see Zhou et al., 2009) revealed that the AlGaAs NW grown on the top of the GaAs NW is a 
long (~ 800 nm) AlGaAs “core” with a radial AlGaAs “shell”, with different Al compositions 
in the “core” and “shell”, respectively. The observation of forming self organized core-shell 
structures is consistent with previous published results by Chen et al., 2007.  
 
 
Fig. 10. HRTEM images of (a) GaAs core and (b), and (c) a typical GaAs/Al0.3Ga0.7As core-
shell NW, together with the selected area electron diffraction patterns (inset of image (a) and 
(b) (Zhou et al., 2009).  
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Fig. 11. a) Side view SEM image of the as-grown GaAs NWs. TEM (left) and HRTEM (right) 
image of a GaAs NW with (b) and without (c) stacking faults (Hoang et al., 2009). © 2009 
American Institute of Physics. 
3.7 Band gap of WZ GaAs 
The newly observed WZ phase of the GaAs NWs raises questions about fundamental physical 
parameters such as the band gap energy, exciton binding energy, carrier effective masses and 
phonon energies. As mentioned earlier, it is necessary to grow the NWs without any stacking 
faults to determine the bandgap energy of WZ material. The SEM image of the GaAs NWs 
shown in Fig. 11 (a) depicts that there are two typical sets of wires: short wires (~ 2 μm, and 
large diameter ~ 60 nm) and long wires (~ 4 μm, and smaller diameter ~ 30-40 nm). This is in 
agreement with the model proposed by Dubrovskii & Sibirev, 2007, which shows that the 
NWs with smaller diameter grow faster than NWs with large diameter at the same flux.  
From HRTEM characterization, it appears that the narrow and long NWs are associated 
with stacking faults while the wide and short NWs are free of stacking faults. These 
observations are in agreement with our previous report where we attributed the formation 
of stacking faults to the faster growth rate of NWs (Dheeraj et al., 2009). Figs. 11(b) and 11(c) 
show TEM images of a GaAs NW with and without stacking faults, respectively. The right 
panel in Fig. 11(b) shows a magnified image of a small portion of the same NW shown in the 
left panel with clear appearance of stacking faults and is complemented with the electron 
diffraction pattern shown in the inset of Fig. 11(b). The right panel in Fig. 11(c) shows a 
magnified image of the stacking fault free NW, indicating a pure WZ crystal structure for 
this NW. From the TEM images of these two representative NWs and several others studied, 
we conclude that narrow (and long) NWs appear to have a low density of stacking faults 
associated with short ZB segments (~ 2 nm) sandwiched in between a dominating WZ 
structures while wide (and short) NWs show a pure WZ crystal structure free of stacking 
faults or ZB segments. 
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Low temperature μ-PL measurements from single WZ GaAs NWs show a PL emission band 
at an energy of ~ 29 meV higher in comparison with the ZB GaAs free exciton emission 
energy (1.515 eV). Some NWs exhibited PL emissions from both ZB and WZ phases, at 
~1.515 and 1.544 eV, respectively. The results are consistent with the HRTEM observation 
that short ZB segments appear in the GaAs NWs that contain stacking faults.  
Fig. 12 shows PL spectra from four single WZ GaAs NWs at 4.4 K. The 633 nm cw excitation 
laser was defocused (spot size ~ 5 μm) so that individual NWs were entirely excited. The PL 
emissions from all these NWs exhibited strong emission bands centered at ~ 1.535 eV. The 
PL spectra display a broad emission range with several features which we now discuss in 
detail. All NWs (wires 1 - 4) show an emission peak at 1.544 eV (in wire 2 the peak appears 
as a shoulder), 29 meV higher in comparison with the ZB GaAs free exciton emission energy 
(1.515 eV). We suggest that this is the free exciton emission for WZ GaAs. There exist a few 
recent results on the PL emission for WZ GaAs nanostructures but the results are 
inconsistent. Martelli et al., 2007, reported the free exciton emission peak in WZ GaAs NWs 
to be at an energy 7 meV higher compared with the ZB GaAs free exciton energy, while 
Moewe et al., 2008, reported a 10 meV lower energy for WZ GaAs nano-needles. Our result 
(~ 29 meV higher), however, is close to the results reported in some earlier theoretical works 
(Mujica et al., 1995; Murayama & Nakayama, 1994; Yeh et al., 1992) where the WZ GaAs 
band gap energy was predicted to be ~ 30 - 33 meV higher than for ZB GaAs. 
 
 
Fig. 12. μ-PL spectra from four different NWs labeled 1-4 (Hoang et al., 2009). © 2009 
American Institute of Physics. 
Wires 1 and 2 exhibit narrow emission lines at ~ 1.54 eV, while a broader peak at lower 
energy (~ 1.532 eV) is observed in all wires 1 – 4. The origin of these emission bands are not 
clear at the moment, but the emissions most probably result from excitons bound to defects 
such as morphological irregularities or are impurity related. We note that in the PL spectra 
of wires 1 and 2 there are also emission peaks at 1.505 and 1.515 eV, respectively. These 
peaks are close to the exciton emission energies in ZB GaAs NWs (Titova et al., 2006). 
However, in wires 3 and 4, there are no indications of emission in this energy range. We 
suggest that these weak emissions are associated with the ZB GaAs segments that are 
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observed in the WZ GaAs NWs with stacking faults. Again, this result is consistent with 
HRTEM results shown in Figs. 11 (b) and (c), where some GaAs NWs exhibit pure WZ free 
of stacking faults (and ZB segments), while other NWs exhibit a low density of stacking 
faults, which inherently possesses ZB phase.  
In order to gain further insight of the observed emission peaks from these WZ GaAs NWs, 
we have measured the temperature dependence of the PL spectra of wire 1 from 4.4 K to 70 
K. Several observations were obtained from the temperature dependence of the various 
peaks. The sharp emission peak at 1.54 eV (labeled 2) dominates at low temperature while 
the GaAs WZ free exciton emission peak (labeled 1) only appears as a shoulder. As the 
temperature increases, the sharp peak (2) decreases in intensity and disappears by 40 K, 
above which only the free exciton emission peak remains.  
 The temperature dependence of the emission energies of peaks 1 and 2 is plotted in Fig. 13, 
and is compared with the emission energy of a ZB GaAs/AlGaAs core-shell NW as reported 
by Titova et al., 2006. The solid lines are fits to the data of peaks 1 and 2 as well as the ZB 
NWs from Titova et al., 2006, using a modified form of the Varshni equation (Cardona et al., 
2004). We note that the emission energies of the WZ free exciton (peak 1) and defect-related 
(peak 2) peaks have a similar temperature dependence as the exciton emission energy of the 
ZB GaAs NW. The defect-related emission energy closely follows the free exciton energy 
and quenches at ~ 40 K, suggesting that the emissions are not related to deep levels but are 
rather excitonic in nature. 
 
 
Fig. 13. PL energies of peaks 1 and 2 (see text) as a function of temperature (Hoang et al., 
2009). © 2009 American Institute of Physics. 
Hence, we conclude that PL measurements on single NWs at low temperatures reveal a 
peak related to the WZ GaAs free exciton emission at an energy ~ 29 meV higher in 
comparison with the free exciton emission energy in ZB GaAs. The WZ/ZB GaAs band 
alignment is believed to be type II with the ZB conduction band edge energy lower than for 
WZ, in which case PL emission can be expected anywhere in the energy range from the WZ 
GaAs band gap to even below the ZB GaAs band gap depending on the density, size and 
distribution of the ZB segments. Our observation of weak emission peaks at energies close 
to the free exciton energy in ZB GaAs for some NWs, in combination with our HRTEM 
images of some of the WZ NWs where stacking faults (inherently possessing ZB phase) are 
observed, corroborates this view.  
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Fig. 14. Room and low (4.4 K) temperature μ-PL emission spectra from a single 
GaAs/AlGaAs core-shell NW (Zhou et al., 2009). 
3.8 Optical properties of GaAs/AlGaAs core-shell NWs 
Fig. 14 shows RT and low temperature (4.4 K) μ-PL emission spectra from the same  
GaAs/Al0.3Ga0.7As core–shell NW. For the investigated bare GaAs core NWs, there is no 
detectable PL signal at RT. The RT spectrum of the core-shell NW shows only GaAs related 
emission at 1.431 eV (full width at half maximum (FWHM) is ~49 meV). In contrast, at 4.4 K, 
the spectrum of the core-shell NW shows both GaAs emission at 1.489 eV (FWHM is ~12 
meV) and several PL peaks above 1.6 eV.  
We note here that the emission energy (1.489 eV) for the GaAs core is lower than the free 
exciton energy (1.515 eV) of ZB GaAs. This is probably due to the recombination from the 
type II band alignment that can occur due to stacking fault created GaAs ZB segments 
sandwiched in between a dominating GaAs WZ structure (Pemasiri et al., 2009; Hoang et al., 
2009). It is important to note that no PL emission was observed from bare GaAs core NWs at 
RT. As has already been reported by several authors (Titova et al., 2006; Chen et al., 2007), 
the shell in the GaAs/AlGaAs core–shell NW helps to increase the radiative recombination 
efficiency by approximately two orders of magnitude through the suppression of non-
radiative surface recombination at the GaAs surface. As can be seen in Fig. 14, PL emissions 
from both GaAs and AlGaAs are observed at low temperature.  
The PL peaks above 1.6 eV are most likely related to recombination from carriers localized 
in the AlGaAs region (~1 μm) at the top of the NW. The occurrence of several PL peaks is 
believed to be due to some local composition variations (10–15%) in this AlGaAs region. It 
has already been reported that for the axial VLS growth of AlGaAs on top of GaAs, a self-
formed AlGaAs core–shell structure is formed with a radial variation in the Al composition 
(Chen et al., 2007). The existence of AlGaAs related PL peaks from the GaAs/AlGaAs core– 
shell NWs suggests that there is room for improvement of the growth, especially by 
reducing the axial growth of AlGaAs 
3.9 Optical properties of GaAs/AlGaAs core-shell NWs with GaAsSb insert 
The GaAs/GaAsSb/GaAs axial heterostructured NWs are very interesting due to that band-
structure in these materials is engineered not just by changing the crystal material but also 
by the crystal phase. Here, we show that the crystal structure of the GaAs barrier on the 
upper interface of GaAsSb insert can be altered by introducing a growth interruption (GI) 
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immediately after the growth of the GaAsSb insert. The optical properties of such structures 
are discussed. In addition, these NW have a AlGaAs shell as discussed in 3.7. 
Fig. 15 (a) shows the dark field TEM image of a GaAs/AlGaAs core-shell NW with a 
GaAsSb insert where no GI was employed after insert growth. The GaAsSb insert has a ZB 
crystal structure, whereas the GaAs core has WZ crystal structure. The AlGaAs shell copies 
the crystal structure of the WZ or ZB core as discussed before. HRTEM images of the top 
and bottom GaAs/GaAsSb interfaces are shown in Fig. 15(b) and (c), respectively. Due to 
the absence of the GI in this NW, a ZB GaAs segment (~5 nm) appears after the growth of 
the GaAsSb insert, denoted by a double headed arrow in Fig. 15(b). In Fig. 16(a), the PL 
emission from a single GaAs/AlGaAs core-shell NW with a GaAsSb insert is shown. The µ-
PL emission peak related to the GaAsSb insert is observed at ~1.27 eV. The ZB segment in 
the GaAs barrier at the top interface of the GaAsSb insert causes a type II band alignment. 
This results in the spatial separation of electrons and holes in the adjacent ZB GaAs and ZB 
GaAsSb layers, respectively. Fig. 16(b) shows the power dependent spectra from the GaAsSb 
related peak at 1.27 eV. With an increase of the excitation power with a factor of ten the PL 
emission is broadened and the PL peak is blue shifted ~100 meV. 
 
 
Fig. 15. Dark field TEM of a WZ GaAs/AlGaAs core-shell NW with ZB GaAsSb insert 
without (a) and with (d) GI, with dotted black/white arrows indicating core size. HRTEM 
image of (b,e) the top and (c,f) the bottom interface of the GaAsSb insert in Fig. (a,d) 
respectively. Arrow pointing to the left indicates ZB GaAs segment. Arrows pointing to the 
right indicate GaAsSb/GaAs interfaces (Moses et al., 2009). Arrows pointing to the left 
indicate a twin. 
The large blue shift can be attributed to the band filling and band bending effect as the 
excitation intensity increases (Chiu et al., 2002; Dinu et al., 2003). The spatially separated 
electrons and holes create an electric field at the GaAsSb/GaAs interface that results in band 
bending as the excitation density increases. The broadening of the PL peak at higher 
excitation intensities is probably due to the electron state filling in the ZB GaAs segment. 
A dark field TEM image of a GaAs/AlGaAs core-shell NW with GaAsSb insert where GI 
after the growth of GaAsSb insert is employed is shown in Fig. 15 (d). The HRTEM images 
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of the top and bottom GaAs/GaAsSb interfaces are shown is Fig. 15 (e) and (f), respectively. 
By GI, the formation of ZB GaAs segment at the upper interface of the GaAsSb insert can be 
avoided, which can be observed in Fig. 15(e). Hence the ZB GaAsSb insert has a well defined 
WZ GaAs barrier on both the interfaces. However, the WZ GaAs barrier above the GaAsSb 
insert has some stacking faults, the density of which is less when compared to the sample 
grown without GI. 
In Fig. 17(a), PL emission from a single GaAs/AlGaAs core-shell NW with GI after the 
GaAsSb insert growth is shown. The GaAsSb related PL emission peak is observed at ~1.39  
 
 
Fig. 16. (a) PL spectrum from a single GaAs/AlGaAs core-shell NW without GI after the 
GaAsSb insert. (b) Power dependent spectra from the GaAsSb related PL peak. Inset shows 
schematically the type II band alignment when the upper GaAs barrier contains a few nm 
thin ZB GaAs segment (Moses et al., 2009). 
 
 
Fig. 17. (a) PL spectrum from a single GaAs/AlGaAs core-shell NW with GI after the 
GaAsSb insert. (b) Power dependent spectra of a GaAs/AlGaAs core-shell NW with GI after 
the GaAsSb insert. Inset shows schematically the type I band alignment and recombination 
therein (Moses et al., 2009). 
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eV. The WZ GaAs barriers in the GaAs/AlGaAs core-shell NW with GaAsSb insert will lead 
to a weak type I band alignment with both electrons and holes confined in the GaAsSb core-
insert. In Fig. 17(b), the power dependent spectra of a single GaAs/AlGaAs core-shell NW 
with GI after the GaAsSb insert growth are shown. There is a small blue shift (~2 meV) of 
the GaAsSb related PL peak as the excitation intensity increases. 
The power dependent PL spectra of this NW are dramatically different from the GaAsSb 
core-insert NW that contains a thin ZB GaAs segment at the upper GaAs/GaAsSb interface 
(Fig. 16(b)).  We believe this is a strong indication that a type I band alignment has been 
achieved around the ZB GaAsSb insert with a WZ GaAs barrier at both GaAs/GaAsSb 
interfaces.                                                                                                                                                                           
In all NW samples, the GaAs related PL emission is observed at ~1.50-1.52 eV, well below 
the free exciton PL emission observed in stacking fault free WZ GaAs NWs. This lower 
value is typical for WZ GaAs NWs that contain stacking faults and short ZB segments. This 
gives rise to type II PL emission where the stacking faults and short ZB GaAs segments act 
as electron traps as dicussed in 3.7. 
4. Conclusions 
We have demonstrated the MBE growth of ZB structured GaAsSb NWs, WZ GaAs NWs 
with single and multiple ZB GaAsSb inserts, and AlGaAs shells around such NWs.  HRTEM 
studies show the GaAsSb inserts to be defect free displaying a ZB phase. Also, the crystal 
phase transition was observed to be abrupt at the WZ GaAs to ZB GaAsSb lower interface, 
whereas an intermediate 4H polytype phase was observed in the GaAs segment above the 
GaAsSb upper interface. We suggest that the formation of ZB GaAsSb could be due to either 
an increase of the material-dependent critical supersaturation value Δμc or a decrease of the 
supersaturation ΔμLS  in the Au particle (or both).  
We showed that the growth rate of NWs in MBE increases with NW length, due to the 
increase in NW sidewall area (i.e. the increase in sidewall collection area for the incoming 
molecular beam). After a certain critical average NW length, the growth rates of NWs were 
observed to either increase further, become constant or decrease, which we believe is 
dependent on the amount of shadowing of the molecular beam on a NW from its adjacent 
NWs. Further, the density of stacking faults in the WZ GaAs NWs is found to be dependent 
on the growth rate of the NWs. These results suggest that the formation of stacking faults 
can be minimized by decreasing the growth rate of the GaAs NWs.  
We have demonstrated the growth of stacking fault-free WZ GaAs NWs and determined the 
free exciton emission energy. PL measurements on single NWs at low temperatures reveal a 
peak related to the WZ GaAs free exciton emission at an energy ~ 30 meV higher in 
comparison with the free exciton emission energy in ZB GaAs. Further, we have shown the 
importance of AlGaAs shell to increase the radiative recombination efficiency through the 
suppression of non-radiative surface recombination at the GaAs surface. 
Finally, we have characterized GaAs/AlGaAs core-shell NWs with a single GaAsSb insert 
grown without/with growth interruption (GI) after the GaAsSb insert, with ZB and WZ 
GaAs barrier, respectively, at the top interface of the GaAsSb insert. GaAsSb heterostructure 
with either ZB GaAs or WZ GaAs is believed to exhibit type II or type I band-alignment, 
respectively. We confirmed this by performing power dependent PL measurements, which 
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show a strong (~100 meV) or a weak (~2 meV) blue shift in the samples grown without or 
with GI, respectively. We attributed the strong blue shift and line width broadening to band 
bending and band filling due to a type II band alignment; while the weak blue shift is 
attributed to a type I band alignment. The band alignment is depending on controllable 
crystal phase variations in the NW and opens up new possibilities for band structure 
engineering of NWs. 
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